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(57) Abstract 


The invention relates to a method for recovering stable nitroxide radicals, wherein at least a part of a reaction mixture consisting of 
a solution or suspension, or a filtrate or supernatant of a suspension, in which stable nitroxide radicals are present in non-solid form, is 
subjected to an azeotropic distillation. The invention further relates to a method for the selective oxidation of compounds which contain at 
least one hydroxyl group, using stable nitroxide radicals as catalyst, wherein die liquid phase of the mixture containing the reaction products 
is subjected to an azeotropic distillation, whereafter the nitroxide radical-containing distillate is recirculated to the reaction vessel. 
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Title: Method for recovering or recirculating stable 
nitroxide radicals. 

This invention relates to a method for substantially 
quantitatively recovering stable nitroxide radicals , in 
particular 2,2, 6, 6-tetramethylpiperidine-N-oxyl (TEMPO) , 
from a reaction mixture , for the purpose of re-using them f 
5 if desired in a continuous process. 

Stable nitroxide radicals, such as 2, 2, 6, 6-tetramethyl- 
piperidine-N-oxyl (TEMPO) , 4,4-dimethyloxazolidine-N-oxyl 
(D0XYL) and 2,2,5,5-tetramethylpyrrolidine-N-oxyl (PR0XYL), 
as well as derivatives thereof , are eminent catalysts for 

10 the selective oxidation of hydroxyl group-containing 

compounds and especially compounds with a primary hydroxyl 
group. In the presence of these catalysts, primary hydroxyl 
groups present in compounds are converted, depending on the 
reaction conditions chosen, into aldehyde functionalities 

15 and/or carboxyl groups. Secondary alcohols are oxidized to 
the corresponding ketones. Particularly TEMPO (see formula 
I), the TEMPO derivatives 4-oxo-2,2,6,6-tetramethyl- 
piperidine-N-oxyl (OTEMPO; see formula II), 
4-hydroxy-2,2,6,6-tetra-methylpiperidine-N-oxyl (TEMPOL; see 

20 formula III) and other derivatives with a 2,2,6,6- 

tetramethylpiperidine-N-oxyl- ( TEMPO ) -skeleton are very 
suitable for use as catalyst for the selective oxidation of 
hydroxyl groups. 

• • • 

>fc >fc 

O OH 
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The catalysed reactions occur in the presence of an 
oxidizing agent, for instance sodium hypochlorite, sodium 
hypobromite, copper salts or nitric acid. 

A method for the selective oxidation of primary 
5 hydroxyl group- containing compounds by the - in situ 
generated - oxammonium salt of TEMPO is for instance 
described in R. Siedlecka, J. Skarzewski and J. Mlochowski, 
Tetrahedron Lett., 21 (1990) 2177-2180. 

An overview of the possible applications of TEMPO and 
10 derivatives thereof in redox systems is given in 

M. Yamaguchi, T. Miyazawa, T. Takata and T. Endo, Pure Appl. 
Chem., £2 (1990) 217-222. 

Recently, it has been described that it is very well 
possible with the aid of stable nitroxide radicals to 
15 selectively oxidize the primary hydroxyl groups of 

carbohydrate derivatives substituted to the anomeric centre, 
to carboxyl groups. In this connection, reference is made to 
N.J. Davis and S.L. Flitsch, Tetrahedron Lett., 2A (1993) 
1181-1184; A.E.J, de Nooy, A.C. Besemer and H. van Bekkum, 
20 Rec. Trav. Chim. Pays-Bas, 211 (1994) 165-166; A.E.J, de 
Nooy, A.C. Besemer and H. van Bekkum, Carbohydr. Res. 269 
(1995) 89-98 and Dutch patent application 9301549. 

Stable nitroxide radicals, such as TEMPO, DOXYL and 
PROXYL, as well as derivatives thereof, can for instance be 
25 used as catalyst in the oxidation of carbohydrates in 

aqueous suspensions and solutions. During the isolation of 
the reaction product the catalyst is often lost or the 
catalyst remains present in the reaction product as an 
impurity. In view of the toxicity of the reactive nitroxide 
30 radicals and in particular of TEMPO (see T.S. Straub, J. 

Chem. Educ, £fi (1991) 1048-1049) and from the point of view 
of cost price, this is an undesired situation. Accordingly, 
there is a need for a method for recovering these catalysts 
in a simple manner in order to be able to re-use these 
35 catalysts. 

A possible method for this purpose has been described 
by T. Miyazawa, T. Endo and M. Okawara in J. Polym. Sci., 
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Polym. Chem. Ed., 21 (1985) 1527-1535. In this article a 
radical (co) polymerization of a monomer which contains a 
TEMPO precursor is described. After the polymerization the 
TEMPO precursor fragments in the (co) polymer are converted 
5 to TEMPO fragments. Thus an immobilized catalyst in solid 
form is obtained, with which oxidation reactions can be 
catalysed. This catalyst can upon completion of the reaction 
be separated by means of filtration (T. Mizayawa and 
T. Endo, J. Polym. Sci., Polym. Chem. Ed., 21 (1985) 

10 2487-2494). 

German patent application 42.09.869 describes a method 
for immobilizing 4 -hydroxy -TEMPO (TEMPOL; for instance 
available from Sigma-Aldrich) on polyvinyl -benzyl chloride, 
whereby likewise an active immobilized catalyst is obtained. 

15 Further, the present inventors have found a different 

method for immobilizing TEMPO on a solid support. This 
method is represented in DIAGRAM I below. The method starts 
from the commercially available 4-oxo-TEMPO (OTEMPO; for 
instance available from Sigma-Aldrich) which through a 

20 reductive amination reaction is coupled to silica gel 
modified with amino groups. The immobilized TEMPO thus 
obtained in a single-stage process has a catalytic activity 
in aqueous systems and can, with only a slight decrease in 
activity, be recovered and re-used. This method can be 

25 carried out simply and rapidly. 
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However , the use of nitroxides such as TEMPO that are 
immobilized (on solid supports) is less successful in 
5 reactions in which the compound to be oxidized is present in 
suspension or in which a homogeneous catalysis system offers 
advantages in other respects. The reaction rate is then much 
lower. If the product of a reaction in the presence of an 
(immobilized) solid catalyst is water-insoluble , this leads 

10 to problems in the separation of the suspended product and 
the often toxic catalyst immobilized on a solid support. 

The object of the present* invention is to provide a 
method whereby stable nitroxide radicals which are present 
in non-solid form in a liquid reaction medium can be 

15 recovered from reaction mixtures and thereafter can be re- 
used. Such a method is suitable both for use during 
reactions that are carried out in a, preferably aqueous, 
solution , and for use during reactions that are carried out 
in a, preferably aqueous, suspension. 

20 It has presently been found that stable nitroxide 

radicals form azeotropes with liquids in which these 
radicals dissolve. These azeotropes possess substantially a 
catalytic activity which is of the same order as that of an 
amount of a solution that contains the same amount of fresh 

25 nitroxide radicals. 
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Accordingly, the invention relates to a method for 
obtaining a catalytically active mixture based on stable 
nitroxide radicals, in which at least a part of a reaction 
mixture consisting of a solution or suspension, or a 
5 filtrate or supernatant of a suspension, in which stable 
nitroxide radicals are present in non- solid form, is 
subjected to an azeotropic distillation. The stable 
nitroxide radicals are thereby at least partly distilled 
over with a part of the liquid medium. 
10 It is noted that in the Soviet Russian patent 

publication SU-A-1 583 415 the production of 4 -hydroxy -TEMPO 
is described. This radical is prepared by reacting 
4 -hydroxy-2 , 2,6,6 -tetramethylpiperidine with hydrogen 
peroxide in a medium of aliphatic or cycloaliphatic 
hydrocarbons, in particular in hexane and cyclohexane. It is 
stated that by distilling off an azeotrope of hexane or 
cyclohexane with water, the separation of the intended 
product is facilitated. The present inventors have 
reproduced the above and found that in the formation of the 
azeotrope of hexane or cyclohexane with water, 4-hydroxy- 
TEMPO does not come over with the azeotrope. 

In addition, it is known from European patent 
application 0 420 790 that 4 -hydroxy -TEMPO can be used as 
polymerization inhibitor during the preparation of ester 
derivatives of p-hydroxydiphenylamine. These diphenylamines 
are used as stabilizer in oxidizable organic materials. 

In particular, the use of 4 -hydroxy -TEMPO is 
illustrated in Examples 1-3 of that European patent 
application. Along with a number of other compounds, 
4 -hydroxy -TEMPO is introduced into the solvent methyl 
methacrylate. The reaction mixture obtained is heated and an 
azeotrope is distilled off. The present inventors have not 
been able to demonstrate any 4 -hydroxy -TEMPO in the mixture 
distilled over. 

It is further observed that according to EP-A-0 420 790 
4 -hydroxy -TEMPO is used in amounts that are a factor of 30 
lower than the amount of stable nitroxide radical which is 


WO 96/36621 PCT/NL96/00201 

- 6 - 

preferably used as catalyst according to the present 
invention . 

The azeotropic distillation according to the invention 
can be carried out at different pressures. Preferably, it 
5 occurs under reduced pressure, because the loss of stable 
nitroxide radicals is then less and distillation can be 
carried out at lower temperatures, which better guarantees 
the stability of the nitroxide radicals. It is noted that an 
advantage of distilling at normal pressure is that less 
10 solvent needs to be distilled over. 

In a preferred embodiment of the method according to 
the invention, as stable nitroxide radical 
2,2,6,6-tetrametoyl-piperidine-N-oxyl is used. 

The method concerns evaporating at least a part of a 
15 solution or suspension, or of a filtrate or supernatant of a 
suspension, in which a reaction catalysed by stable 
nitroxide radicals has occurred. In the evaporation the 
stable nitroxide radical forms an azeotropic mixture with an 
amount of the reaction medium. Thus the stable nitroxide 
20 radical can be quantitatively recovered and reused. 

The solution or the suspension in which the reaction is 
carried out which is catalyse^ by the stable nitroxide 
radicals preferably contains water. In that case, in 
accordance with the invention, an azeotrppe of the nitroxide 
25 radical with water is distilled over. 

Optionally, the azeotropic distillate obtained 
according to the invention can be subjected to an 
extraction. The azeotropic distillation is then followed by 
an extraction of the obtained solution with a suitable 
30 solvent, which is typically organic. The stable nitroxide 
radical which dissolves in the solvent can subsequently be 
recovered from this solvent in a known manner. 

The invention further relates to a method for 
recirculating stable nitroxide radicals in a continuous 
35 process, in which the liquid phase of the product stream 
(the mixture which contains the reaction products) is 
subjected to an azeotropic distillation, whereafter the 
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nitroxide radical -containing distillate is returned to the 
reaction vessel. 

In a_ preferred embodiment, this method involves the 
selective oxidation of compounds which contain at least one 
5 hydroxyl group, using stable nitroxide radicals as catalyst, 
in which the liquid phase of the mixture which contains the 
reaction products is subjected to an azeotropic 
distillation, whereafter the nitroxide radical -containing 
distillate is recirculated to the reaction vessel. Examples 

10 of such compounds to be oxidized are polysaccharides such as 
starch, cellulose and inulin, as well as derivatives 
thereof, and lower carbohydrates where the Ci -position is 
protected against oxidation, for instance by the presence of 
substituents or 1, 4 -compounds . These catalysed reactions 

15 occur in the presence of an oxidizing agent, for instance 
sodium hypochlorite, sodium hypobromite, copper salts or 
nitric acid. 

Preferably, this oxidation reaction is carried out in 
an aqueous solution or aqueous suspension. 
20 In a characteristic embodiment of this method, a 

primary hydroxyl group- containing compound is dissolved or 
suspended in a suitable medium, for instance water. In this 
medium, a catalytic amount of stable nitroxide radical, 
preferably TEMPO, has been added. Then, at a constant pH and 
25 at a temperature of about -10°C to 100 # C, preferably of -5°C 
to 20 *C, under stirring an oxidizing agent is added dropwise 
or batchwise. 

The desired pH depends on the oxidizing agent used. 
When sodium hypochlorite in water is used as oxidizing 
agent, the pH is as a rule between about 6 and 13, and 
preferably between 8 and 10. If as oxidizing agent sodium 
hypochlorite in the presence of a little sodium bromide is 
employed, the pH is preferably 9-11.5. The pH is maintained 
constant by dripping a base or a solution thereof in water, 
for instance a 1M sodium or potassium hydroxide solution or 
an aqueous solution of sodium hydrogen carbonate, to the 


10 


15 
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reaction mixture. The reaction has gone to completion if no 
consumption of base occurs anymore. 

When only a partial oxidation is desired, this can be 
effected by adding less hypochlorite and/or by quenching the 
5 reaction with, for instance, methanol or ethanol. 

Thereafter the reaction mixture, after optional 
decanting, centrifugation or filtration, is transferred into 
a vessel, for instance a flask, which is suitable for 
distillation under reduced pressure. The flask is placed in 
a heatable water bath and the pressure is reduced, for 
instance using a vacuum pump on a rotary evaporator, to the 
point where water begins to distill over. As soon as the 
pressure has been reduced sufficiently, the system is closed 
off to prevent loss of material via the vacuum pump. The 
catalyst, in particular TEMPO, is found to be azeotropically 
distilled over with the first amount of water. Therefore, 
the catalytically active material can be quantitatively 
removed from the reaction mixture. 

The catalyst recovered in this manner, dissolved in 
water or any other azeotrope- forming liquid reaction medium, 
can be reused. No reduction of the activity of the catalyst 
arises . 

It is possible to recover the stable nitroxide radical, 
for instance TEMPO, in solid form by extraction of the 
25 distilled-over, preferably aqueous, azeotrope with a 

suitable solvent, for instance an organic solvent such as 
diethyl ether, followed by drying of the fraction comprising 
this solvent and evaporation to dryness. This resultant 
material has been found to have substantially the same 
catalytic activity as the starting material. 

It is noted that it is by no means necessary to have 
the distillation occur under reduced pressure. Distillation 
at atmospheric pressure is equally satisfactory when a 
sufficiently efficient cooling of the distillate is used. 
35 The invention further relates to the use of stable 

nitroxide radicals in the form of a distillate which has 


20 


30 
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been obtained from an azeotropic distillation or an extract 

from this distillate as catalyst. 

Using the method according to the invention, it is 

possible to have the . selective oxidation of hydroxyl group- 
5 containing compounds take place continuously. A compound to 

be oxidized can be fed to a reaction vessel in a suitable 

medium with simultaneous discharge of a product stream. The 

product stream can optionally be subjected to a separation 

step in which solid substances are separated from the liquid 
10 medium. This liquid medium is then distilled, whereby an 

azeotrope with all catalytic activity therein is formed. 

This azeotrope can then be returned to the reaction vessel. 
The invention is presently further illustrated in and 

by a few non-limiting examples. Other stable nitroxide 
15 radicals which form an azeotrope with water or other 

solvents can also be used. The permanent activity of the 

recovered catalyst is shown in Table 1. 

Example 1 

20 Recovery of TEMPO through azeotropic distillation 

In a 100 ml flask 0.50 g TEMPO (3.2 mmol) was dissolved 
in 60 ml water. The flask was provided with a distillation 
set-up, to which an efficient cooler and a collecting flask 
were connected. Under stirring, the solution was heated to a 
25 boil. An azeotropic mixture of TEMPO and water was distilled 
over until the residual liquid became colourless. Thus 10 ml 
distillate was obtained. 

The distilled-over TEMPO containing water fraction was 
thereupon extracted with 2 x 15 ml diethyl ether. The ether 
30 fractions were put together and dried with sodium sulfate. 
After filtration, the ether was evaporated on a rotary film 
evaporator . 

Yield: 0.45 g slowly crystallizing TEMPO 
(m.p.= 33-36 # C). Because the distillation occurred in a non- 


10 
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closed system, a small part of the catalyst was lost through 
evaporation . 

Example 2- 

Recovery of TEMPO through azeotropic distillation under 
5 reduced pressure 

In a 500 ml flask 0.50 g TEMPO (3.2 mmol) was dissolved 
in 250. ml H 2 0. Using a rotary evaporator, under reduced 
pressure a water fraction of 60 ml was distilled over until 
the residual liquid became colourless. The TEMPO- containing 
water fraction distilled over under reduced pressure was 
extracted with 2 x 50 ml ether. The ether fractions were 
dried with sodium sulfate and after filtration the ether was 
evaporated on the film evaporator. 

Yield: 0.49 g slowly crystallizing TEMPO 
15 (m.p.= 35-37*C) . 

Example ^ 

Oxidation of starch with regenerated TEMPO 

3(a): 1.92 g Starch (native potato starch, AVEBE; d.s. 
(dry substance content) = 86.90%, 10.3 mmol) was suspended 

20 in 20 ml water which contained 0.06 g TEMPO (0.38 mmol) and 
0.21 g NaBr (2.0 mmol). With an aqueous 1 M KOH solution the 
pH of the suspension was adjusted to 10.8. At a temperature 
of 0*C, 10.3 ml NaOCl solution (150 g/1, ± 21,1 mmol) was 
gently added dropwise to the suspension in a time interval 

25 of 30 minutes. By additions of a 1 M KOH solution (in total 
11.53 ml) the pH was meanwhile maintained at a constant 
value of 10.8. After 30 minutes* stirring, after which the 
pH was found to have become virtually constant, the solution 
was neutralized to pH = 7 by addition of a 0.5 N HC1 

30 solution. 

The solution was distilled in a fully closed rotary 
evaporator under, reduced pressure until 20 ml distillate had 
been collected. In this manner the TEMPO present in the 
reaction mixture was quantitatively distilled over. 
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The fraction which contained the polyglucuronic acid 
formed in the reaction was poured out into 100 ml ethanol, 
filtered, washed with a 70 % ethanol solution and dried in 
air. 

5 Yield: 2.30 g polyglucuronic acid, d.s. =» 81.10% 

3(b): To the. TEMPO containing distillate were added 
1.92 g starch (d.s. = 86.9%, 10.3 mmol) and 0.20 g NaBr 
(1.94 mmol). At a temperature of 0*C, 10.3 ml NaOCl solution 
(150 g/1, ±21.1 mmol) was carefully dripped into this 
10 suspension over a time interval of 30 minutes. By additions 
of a 1 M KOH solution (in total 11.67 ml) the pH was 
maintained at a constant value of 10.8. After 30 minutes' 
stirring, whereafter the pH was virtually constant, the 
solution was neutralised to pH = 7 by addition of a 0.5 N 
15 HC1 solution. The solution was distilled in a fully closed 
rotary evaporator under reduced pressure until 20 ml 
distillate had been collected. In this manner the TEMPO 
present in the reaction mixture was quantitatively distilled 
over. The polyglucuronic acid -containing fraction was poured 
20 out into 100 ml ethanol, filtered, washed with a 70% ethanol 
solution and then with acetone and dried in air. 

Yield: 1.97 g polyglucuronic acid, d.s. - 83.87%. 
3(c): Then the distillate obtained in 3(b) was used in 
conformity with the procedure of 3(b), instead of the 
25 distillate obtained under 3(a). 

Yield: 2.38 g polyglucuronic acid, d.s. = 82.19%. 

The results of the methods according to Examples 
3(a) -(c) are schematically summarised in Table 1. 
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Table 1 

Use of regenerated TEMPO 
for the oxidation of starch 



Example no./ 

Yield 

dsl 

Carboxyl 



Amount of 

Potassium 

(in %) 

content 2 



starch 

polvcrlucuronate 


(meq.cr"l) 

» 

3a 

1.92 a rlO. 3 mmol) 

2.30 <f 

81.10 

4.1 


3b 

1.92 a rl0.3 mmol) 

1.97 a 

83.87 

4.5 

3c 

1.92 a fl0.3 mrnol* 

2.38 a 

82.19 

4.7 


1 dry substance content 

2 reaction time not entirely constant; this explains the 
apparent increase in activity after regeneration. 

Thus it has been demonstrated that the azeotropically 
recovered TEMPO maintains its catalytic activity. 


WO 96/36621 


- 13 - 


PCT/NL96/00201 


CLAIMS 

1. A method for obtaining a catalytically active mixture 
based on stable nitroxide radicals, wherein at least a part 
of a reaction mixture consisting of a solution or 
suspension, or a filtrate or supernatant of a suspension, in 

5 which stable nitroxide radicals are present in non- solid 
form, is subjected to an azeotropic distillation. 

2. A method according to claim 1, wherein the azeotropic 
distillation occurs under reduced pressure. 

3. A method according to claim 1 or 2, wherein as stable 
10 nitroxide radical 2, 2, 6, 6-tetramethylpiperidine-N-oxyl is 

used. 

4. A method according to any one of the preceding claims, 
wherein an azeotrope of the nitroxide radical with water is 
distilled over. 

15 5. A method according to any one of the preceding claims, 
wherein the azeotropic distillation is followed by an 
extraction of the obtained solution with a suitable solvent, 
and the stable nitroxide radical is recovered from this 
solvent in a known manner. 

20 6. A method for recirculating stable nitroxide radicals in 
a continuous process, wherein the liquid phase of the 
product stream is subjected to an azeotropic distillation, 
whereafter the nitroxide radical ^containing distillate is 
recirculated to the reaction vessel. 

25 7. A method according to claim 6, wherein the continuous 
process comprises selectively oxidizing compounds which 
contain at least one hydroxyl group, using stable nitroxide 
radicals as catalyst. 

8. A method according to claim 6 or 7, wherein TEMPO is 
30 used as nitroxide radical. 

9. A method according to any one of claims 6-8, wherein 
the oxidation reaction is carried out in an aqueous solution 
or aqueous suspension. 
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10. Use of stable nitroxide radicals in the form of a 
distillate which has been obtained from an azeotropic 
distillation or an extract from this distillate as catalyst. 
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